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TURBULENCE NEAR A FREE SURFACE

IN A PLANE JET

INTRODUCTION

The turbulent flow below a gas-liquid interface plays an important role in diverse
areas ranging from environmental flows and industrial mixing processes to the remote
sensing of ship wakes. The near-boundary influences upon transfer and diffusion at the
interface is of primary concern in environmental and industrial applications whereas
remote sensing issues ultimately involve any surface motions which may be detectable.
The remotely sensible surface events may be either generated or modified by the sub-
surface turbulent flow. The primary motivation for the present work stems from the
remote sensing problem wherein various sensors appear to respond to the turbulent
wake region of a surface ship wake. For example, the two most common and persistent
features seen in synthetic aperture radar (SAR) images of ship wakes include bright
"narrow-vees" and long dark "scars" which may be a result of surface Bragg wave gen-
eration or modification through interactions with near surface turbulence. Common to
all of these problems is the need for a better understanding of the structure of turbu-
lence below a free surface. The present study experimentally examines the turbulent
structure below a free surface where the underlying flow is developing in the manner of
a 2D *planar jet. Surface deflections are minimized in order to isolate the kinematic ef-
fect of the free surface upon the turbulence below. Future studies will begin to examine
the interaction of the underlying turbulence with the surface motions.

BACKGROUND

The literature on bounded shear flows is extensive but almost exclusively directed
at the boundary layer problem where the no slip boundary condition leads to steep
velocity gradients very near to the boundary and a nonzero shear stress at the wall.
A clean free surface with neglible velocities in the overlying gas phase cannot support
a mean or fluctuating shear stress and therefore, unlike the classical boundary layer
flow, turbulence is not produced at or near to the boundary. The surface region acts
to modify and to dissipate the impinging turbulence which has been generated below
and advected to the surface. This simple characterization of a free surface is usually
complicated in practice by the presence of surfactant or other contaminating material
on the interface which movo-z frovely in the moan h i supports a fltuctuating shear stre.s.
Further practical complications include the possibilities of significant gas flow and of
interfacial deflections. As noted above the remote sensing problem is a consequence of
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the surface motions and in that instance the interactions of the surface waves with the
turbulence must ultimately be considered. Extreme surface agitation with spray pro-
duction and/or gas bubble entrainment is also important in a variety of environmental
and industrial processes but is beyond the present treatment.

Since the density and viscosity of the overlying gas phase are expected to be much
smaller than for the liquid, considerably larger gas than liquid velocities are required
to produce a significant applied shear. However, relatively small gas velocities in an
overlying turbulent flow can give rise to small amplitude surface waves by virtue of
turbulent pressure fluctations convected in phase with the wavelets ( Phillips, 1969 ).
This mechanism can also be expected to generate waves from the turbulent pressure
fluctuations below if matches exist between the wave phase speeds and the fluid con-
vection velocity of appropriate turbulent "eddy" scales. However, a lower limit exists
for wave generation of this type since a minimum phase speed for gravity-capillary
waves can be determined to be about 20 cm/sec depending on the value of surface
tension. For most of the present configuration the mean velocities are below this limit.
Unsteady generation of waves by uncoupled pressure fluctuations is also possible but
are expected to produce much lower amplitudes.

Surface contamination is expected in all but very carefully controlled laboratory
conditions. The presence of such materials means that fluctuating shear stresses can
be nonzero at the interface. In the limit of a very contaminated surface, which may
be more the rule than the exception, the turbulent velocity fluctuations in the plane
of the surface are completely suppressed (c.f. - Levich, 1962). Under the assumption
of neglible vertical surface motions, the free surface behaves like a rigid wall moving at
the free stream velocity such that mean shear is zero but the fluctuating shear is not.
These conditions were employed by Hunt (1984) to apply a theory for a moving wall
(Hunt & Graham, 1978) to the free surface problem. In this theory, isotropic decay
of turbulence behind a grid is taken as the outer or farfield source of turbulence for
interaction with a wall moving at the speed of the free stream. The theory describes
a layer near the surface where vertical turbulent scales larger than the distance to the
surface are blocked which produces an anisotropic redistribution of turbulent energy
from the vertical (X2) component to the two lateral components. The thickness of the
redistribution layer is on the order of the farfield turlulent integral scale, L0 . The
turbulence kinetic energy is shown to be equal to its farfield value as .r2 /Lo -- 0 and
for x,,/Lo -- oo. The equality does not hold for all x 2/Lo since the kinetic energy
exhibits a minimum within the region associated with a rise in mean pressure.

Measurements of the grid turbulence in proximity to a moving wall by Thomas
& Hancock (1977) and computations of a similar flow by Biringen & Reynolds (1981)
are in general agreement with the theory. Related experiments for an oscillating grid
below a rigid wall by McDougall (1979) and below a free surface by Brumnley & Jirka
(19S7) also generally agree with the theory. The blocking of vertical scales as the sur-
face is approached and the redistribution of turbulent energy from vertical to lateral
components are observed in all of the above cases although not exactly as the the-
ory predicts. Ditterences from the theory include greater anisotropy among turbulent
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components and a wider range of surface influenced turbulent scales. These differences
have been ascribed to the modification of the finer scales of the turbulence by the larger
surface-influenced scales which is expected but not included in the theory.

All of the above literature is restricted to a farfield or source turbulent flow which
is isotropic and therefore characterized by a single farfield integral scale. The present
study was undertaken to examine a nonisotropic turbulent farfield in the presence
of a free surface. The basic flow chosen for this investigation was a nominally two-
dimensional planar jet issuing at a free surface, often termed a surface jet.

Considerable literature has been generated ii the study of jet behavior for a variety
of bounded and free geometries. Relatively little Attention has been given to surface jets
except for the hydraulic literature where the concern is for the influence of buoyancy on
the spreading and mixing of outfalls that are generally warmer than the receiving fluid.
A study by Chu & Baddour (1984) presents experimental results for a buoyant planar
jet and contains a good review of that particular area of the literature. They show that
very small density differences ( low Richardson numbers ) have a pronounced influence
on jet entrainment, and hence jet behavior, which renders most of that literature of
little value to the present problem. Indeed, the few experimental results presented for
neutrally buoyant jets as part of those studies may be suspect due to facility constraints
on the entrainment. This is discussed later in this report.

Rajaratnam (1976) has collected most of the available data and analyses on non-
buoyant conventional jets, including both planar and axisymmetric geometries, and
with and without an adjacent wall boundary. Some experimental results for more
general three-dimensional jets and other effects are also included. No surface jet results
or analysis are described therein but Rajaratnam (1984) has reported experimental data
for both planar and axisymmetric surface jets where it is shown that mean velocity
profiles exhibit similarity based on the usual characteristic velocity and length scales.
For the planar surface jet these scales vary in a manner closest to the planar wall jet
where the jet issues tangent to the wall. This geometry is similar to the surface jet
whereby the free surface is replaced by a rigid wall and both of these configurations
are geometrically similar to the unbounded planar jet where the plane of symmetry is
replaced by either the wall or the free surface. The various geometries are sketched in
Fig. 1. Earlier results by Rajaratnam (1969) indicated that the surface jet synoptic
scales behaved more like the free planar jet scales but it is likely that those results were
influenced by jet confinement wherein the the limited depth of the facility inhibited
entrainment and therefore affected the observed jet behavior in a manner analagous to
the buoyant jets.

The influence of confinement upon jet entrainment and behavior has been the
source of some controversy in the interpretation of often conflicting reports of measured
jet behavior. The conflicts become most apparent in consideration of the integrated
momentum flux variation along the jet and its relation to the rate of entrainment.
The data for free jets obtained by Goldschmidt and Eskinazi (1966), Heskestad (1965),
Miller and Comings (1957), and Kotsovinos (1975), as collected by Kotsovinos (1978)
all show significant momentumn losses within 160 slot-widths downstream. Kotsovinos
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(1978) estimated the various terms in the momentum equation and concluded that jet
momentum is lost in the interaction with the induced outer flow. Schneider (1985),
with a more formal argument, has provided a reconciliation of many di-,crepancies
by coupling an analysis of the jet development to the outer flow. The analysis is
developed for a submerged turbulent planar jet but the major features should be e9ually
applicable to the surface jet under the analogy between a free surface and the plane
of symmetry for the submerged jet. This analogy is not always valid but appears
appropriate to this discussion. The analysis predicts that the jet half width scale
variation will not be affected by the confinement but the velocity scale will no longer
vary as x-i1/2 (xl =primary flow direction) which is the classical similarity result. In
fact, the maximum velocity will decrease more rapidly and momentum will appear to
have been lost.

EXPERIMENTAL METHODS AND PROCEDURES

The experiments reported here were performed at one end of a long tow channel
(Fig. 2) described by Ramberg and Fung (1982). The channel has nominal interior
dimensions of 1 rn in depth, 1.3 m in width and 18 m, in length. In the early stages of this
work a false bottom was in place on the floor of the channel and the dimension h was 51
cm. This was later removed and in the final experiments hz = 82 cm. The temporary
dividing wall was located 46 cm from the near wall and in the final configuration
extended downstream to 2.62 n. The water level in the channel was maintained by a
steady supply of water at one end and an adjustable overflow drain at the opposite end.
The jet flow was obtained by replenishing the jet reservoir with water from the far end
of the channel. Both flow rates were monitored along with the mean and still water
depths over the jet lip (xi /bo = 0). As a result of these precautions, the discharge height
of the jet ,b0, and the still water level were maintained to within 0.02 cm or about 2% of
the initial jet height. Figure 2 also contains the nomenclature for describing the results.
Subscripts are used to denote the three coordinate directions where the primary flow is
in the "1" direction and the vertical down direction is "2", leaving "3" for the transverse
or lateral direction in a right-handed coordinate system. Conditions at the jet inlet
(xl = 0) are denoted by the subscript ( )o and locally maximum values are designated
by the subscript ( ),,,. The time-average of the ith-component of velocity is denoted by
Ui and its velocity of fluctuation by uz. In the discussion that follows the primes will
be omitted from the fluctuating velocities and mean values of turlulence quantities will
be denoted simply by an overbar. We further use the short-hand notation W- to denote
(1,2 )1/2

The data were obtained with a dual sensor hot filn probe (DISA 551162) coil-
nected to DISA 56C01 constant temperature anemometers. The anelnoneter output
voltages were passed through DISA 56N21 linearizers then throilgh DISA 56N20 sig-
iial conditioners where they were offset, to ±5v for acqmuisition by a QSI sinultaneous
samnl)le digitai tape recorder. Prior to recording, the signals were filtered through
Rockland Wavetek Model 452 filters. Ti~e sensors were inounted on a vertical and hor-
izontal traversing systemii operated by a Velnex Model 8300 controller, which was in
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turn mounted on one of the tow channel carriages. The elements were operated at an

overheat ratio of 1.06 to prevent bubble formation.

Probe fouling by contaminants is a significant problem when making hot-film mea-

surements in water. This has been observed by numerous researchers and elaborate
technigues have been developed in attempts to overcome the problem ( e.g., Hubbard,
1985). In the experiments described here, water impurities were kept to a minimum
by constant filtration and recirculation during periods when a measurement was not
in progress. In addition a drain was positioned at the far end of the channel, approxi-
mately 12 m from the downstream end of the test section. The height of the drain was
adjustable and was typically positioned to very slowly but constantly remove the free
surface. Water velocities induced by this technique were too small to be measurable.
Nonetheless, there would remain some voltage drift due to contamination which neces-
sitated frequent calibrations of the sensors. Before and after each measurement run
the tow carriage was stepped through ten speeds covering the jet velocity range. This
calibration data was digitized and stored in a file on the data tape as well as read di-
rectly into a local computer (HP 1000/A600) in the laboratory. In this way calibration
constants could be established for the linear probe outputs and these could be checked
for consistency during a long series of measurement stations. Typically the calibrations
would drift slowly due to accumulation of material on the sensors. When necessary,
gentle brushing of the elements would restore the sensitivities to original values, after
which the sensors would "season" over a short time and exhibit a voltage drop of a
few percent. This would be followed by the very slow drift behavior. When this nearly
steady-state condition was established the probes were operated in the slow drift mode
while monitoring the calibrations from run to run. For long periods a near-eguilibrium
condition would be established and as much data under this condition as possible was
recorded. The run-times for a set of measurements were typically 30-60 min over which
time the output voltages could be expected to drift on the order of 3-5% (slope change
of linearized output). The data were ultimately reduced by assuming a time-linear drift
and weighting the data to the before-and-after calibrations according to the time they
were obtained. Typical linearized voltage/velocity calibration curves are shown in Fig.
3.

Discrete probe contamination events were encountered each time the elements
passed through the free surface and sometimes when located in the low speed, inter-
mittent flows near the edge of the jet ( on the bottom ). To avoid these events vertical
profiles of flow 9uantities were obtained by two separate sequences of probe positions
under control of the traversing system. Both sequences started and ended at the el-
evation of the jet lip with one being down and back and the other up through the
free surface and back. These were performed separately and the two sets of data were
combined to give the results presented in this and the next sections. Two probe ori-
entations were used to obtain all three velocity components with the x, components
common to both orientations. The measurement sequence that approached and then
passed through the free surface would produce a local disturbance in the free surface
about the probe prongs. The result was flow about the sensor elements above the mean
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water level in the absence of th. probe. Data recorded in this region were ignored but
indicates the limitations of an intrusive measurement.

Composite profiles were obtained at ten axial stations along the centerline of the
developing jet (x 3 = 0 in Fig. 2). The flow field was checked at several of these
stations to insure two-dimensionality in the mean velocity field. Figure 4 is typical of
these measurements and shows that the wall effects are negligible over at least the inner-
most 50% of the test section. At each station the sequence of vertical positions and dwell
time for each were programmed into the traverse control. The microprocessor within
the controller also operated the digitizer and tape drive to generate files corresponding
to each position in each station profile. The sampling rates per channel and the typical
record lengths varied with longitudinal position in the jet as listed in Table 1.

Table 1. Sampling Rate and Record Length

x,/bo Rate (Hz) Time (sec)

0 200 45
4 200 45

20 200 65
40 200 65
60 200 65
80 200 65
120 100 65
160 100 120
200 100 120
240 100 120

For the final jet configuration, each profile was repeated at least twice for each sequence
of each probe orientation so primary directions were realized at least six times and the
others four times. The results are the averages of the individual realizations at each
point.

A number of additional problems were encountered during the experiments stem-
ming from the finite dimensions of the facility and tle free surface. In an effort to
obtain the largest possible initial jet velocity U0 it was necessary to operate the facility
just belo - an exit Froude number of unity. This produced a steady wave pattern in the
early portion of the jet as shown in Fig. 5. The data shown in the figure were obtained
by manual probe positioning to locate the mean free surface position visually for both
the operating jet and the still l)asin in order to discount variations in the carriage track
elevation. In addition to the steady waves it is clear that a mean surface slope existed
over much of the jet region of interest. Similar behavior was indicated in the first, set of
results for a planar surface jet reported by Bajaratnam (1969). The pressure gradient
implied by this variation seems a. natural consequence of the return flow required along
the bottoni of the channel to supply the entrained fluid from elsewhere in the basin
and is a reflection of the opposing momentum established in the entrained fluid. The
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presence of steady surface waves early on can also be expected to alter the initial de-
velopment region through the imposition of oscillatory perturbations of the spreading
shear layer emanating from the lip of the jet. We have assumed this influence is local
and unrelated to the farfield behavior except perhaps as a shift in the jet virtual origin.

The stability and the accuracy in the results due to these procedures are indicated
by the data shown in Figs. 6a and 6b. These data were taken as longitudinal sequences
along the jet at a fixed depth below the free surface ( x 2 = 0.15 cm ). The different
symbols correspond to the two probe orientations and two separate dates of the se-
9uences. The first date was at the outset of the experimental program with the final
jet configuration and the second at its conclusion. The horizontal scale is expanded in
the early portion of the jet. The growth of the shear layer into the fully formed jet
and the presence of the steady surface waves are apparent. Isotropy in the very low
turbulence above the spreading shear layer is seen for x, /be < 6 which rapidly becomes
larger and anisotropic as the shear layer spreads past the probe elevation and eventu-
ally reaches the free surface. Thereafter the mean and turbulent 9uantities decay as
the jet spreads. The effect of the free surface on the turbulent fluctuations can be seen
from this data in the farfield. The vertical component ii/UO is decaying more rapidly
than either of the lateral components waich are becoming more comparable in magni-
tude. Early in the jet the longitudinal component dominated and the other two were
morc comparable. This is the redistribution of turbulent kinetic energy into the lateral
fluctuations at the expense of the vertical motions which is the anisotropy mechanism
introduced by the presence of the free surface. Prior to a full discussion of the free
surface phenomena, the major objective for this study, it is necessary to first discuss
some aspects of preliminary experiments which led to the final jet configuration.

PRELIMINARY EXPERIMENTS

A number of preliminary experiments were performed with various geometries and
jet flow rates in search of an arrangement where proper jet "-ehavior could be maintained
at large xl/be. The goal was a farfield linear variation in the characteristic jet length

scale, b(xl ), and a farfield variation in the characteristic velocity scale U,, - x1 1/2

There were difficulties in achieving these behaviors which stemmed from the large
entrainment associated with jets and the restrictions placed on the necessary bottom
return flow by the finite depth. The confinement effect was not obvious in the initial
hot film data and was only revealed by flow visualization and by examination of the
above scale variations and by examination of the momentum balance in the developing
jet. For the large downstream distances which we sought to employ, the jet entrains
nearly four times the volume flow rate issued at the jet discharge. If the depth of
the jet becomes an appreciable fraction of the total depth within the channel then the
return flow velocity field is comparable in both extent and magnitude to the jet itself.
As this condition is approached in the deveh)l)ing jet, the source direction of entrained
fluid has a growing component op)osite to the jet flow which carries oppositely signed
momentum into the jet. In extremis, the jet attaches to the floor of the channel, a
recirculation cell is formed below the jet and the overall pattern resembles the flow over
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a rearward facing step. Between the proper jet mode and this recirculating cell mode
various combinations of geometry and flow rates yield three dimensional and sometimes
unsteady combinations of the two modes. These deviations of real jets from unconfined
jet behavior are often subtle and can easily be overlooked. All jets exhibit an initial
development region and if this is immediately followed by spreading under the influence
of limited entrainment then it is likely that the proper scale variations will never be
seen in the data. Profile similarity is still observed for these confined jets and one
is easily misled unless conservation of momentum is also examined. The pathological
behavior is also masked by the usual weaknesses inherent with hot-film measurements
in regions of low velocity (jet edges) and the sensor directional insensitivity in regions
of reversed flow.

Kotsovinos (1978) with an approximate procedure and, more formally, Schneider
(1985) have shown une9uivocally that a 2D jet issuing from a wall must suffer a loss of
momentum. This is at variance with the classical boundary layer solution which does
not account for the presence of the upstream wall and fails to predict a component of
entrainment momentum which is in the direction opposite to the main jet flow. For a
plane turbulent jet issuing from a vertical upstream wall, Schneider's analysis predicts
that the momentum, J, will slowly vary as

J0 (Xo\ 2 (1)

JO X

where e, = 0.085 for a 2D turbulent jet, and x0 is a constant of integration of 0(bo)
such that J/Jo 1 at x, = x0 . Schneider's results differ from those of Kotsovinos
by the values of the constants and the behaviors of the two theories as x, --+ 00. It
is important to note that the theories account only for the upstream wall but it is
reasonable to assume that the presence of a horizontal surface would further degrade
the momentum since all entrained mass must originate from downstream. A measure of
the effect of a confining horizontal surface can be obtained by examining the deviation
of the developing jet from the behavior described by Ey. (1).

Rajaratnain and Humpliries (1984) and Vanvari and Chu (1974) provide the only
known studies, of 2D non-bouyant surface jets prior to this research. Rajaratnam
presents n(o results exl)licitly for the longitudinal momentum flux, although the flux
could 11b, dlihe(l from reported velocity and length scale data, and Vanvari reports
a 50(A reduction n I ()nliitunm flux by x1lbo ; 62. This is considerably more than
that allowed by Ey. (1) and is indoubtably dIe to the finite channel depth. Vanvari
postulates as miuch and further notes a breakdown in the linear growth of the jet width
as early as x I/b0 z 25.

Our initial jet, coiifigimrati(,ns exhilbited the finite-depth induced breakdown at mod-
crate . /U() < 100 and several steps were taken to rectify the situation. These included

Ilerforating tlie original false botton and tem)orarily removing the upstream vertical
wall at .r = 0 in order to allow additional sources for entrainment fluid. An estimate
of the mioinentui loss due to the fillite geometry can be obtained from a momentum
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and mass balance applied to Fig. 7. It is desired to estimate the usable test length,
Le, given the facility constraint, h, and the controllable parameters U0 and bo. The
determination should be subject to the additional constraint that the momentum loss
due to finite depth be maintained within acceptable limits. Assuming the density is
everywhere constant and neglecting momentum exchange at solid boundaries or the
free surface, the momentum balance for the geometry of Fig. 7 is approximately,

U bo- U,2b,, = UV bo(1 - f) + U ,(h - be), (2)

and the mass balance is,
Uobo + Ur(h - b,) = Ube. (3)

The first term on the right-hand-side of Eg. (2) is the expected loss due to the upstream
wall as given by Schneider (1985) with f determinablc from E9 . (1), and the second
term is included to account for the fact that all entrained fluid must originate from
downstream. It is further presumed that the velocity and length scales of the well-
behaved jet should exhibit behaviors approximating,

(--) =C, (L + (- ) (L (4)

and S=c 3  +c 4  (5)

The above postulates are clearly subject to criticism due not only to the simplistic
velocity profiles and other effects previously mentioned but also by noting that tur-
bulence is only represented by the particular functionals of x1 /bo incorporated into
Egs. (1,4-5). Those equations are themselves somewhat inconsistent for finite xi/bo
since Egs. (4-5) imply momentum is invariant in x, while E9 . (1) shows otherwise.
Nevertheless, useful estimates can be obtained from the above relationships and their
utility can be shown a posteriori. In principal all of the parameters b,, Ue, Ur and Le
are determinable from the Egs. (1-5) if values of the constants are assumed and the ex-
perimental conditions are stated. There results a complicated transcendental equation
L,/bo = F(xI /bo) which satisfies the system to the degree one is willing to pursue the
calculation. The result represents the length over which the jet has lost all momentum
to the return flow. That calculation, however, is not pertinent to the experimental
requirement that Ur(h - b,) < U02bo(1 - f) to represent acceptably mild losses due to
the finite depth. In fact, since the momentum loss due to the vertical wall is only a
slowly-varying function of x1, it suffices to require,

U (h- be)
AJ - b < 1. (6)

0Iw - 0

9



If we further assume substantial x1/bo such that the effects of the kinematic and geo-
metric virtual origins (C2 , C4) can be ignored, then there results from Egs. (3-6),

C 3 I, Tg - 2 G c ,,b + I AJ,-o g
-~~~ bCCo + J~ C3(E)).

The large majority of jet studies show that C3 - C, so this can be further approximated
to

(4A :)- 2+ (I -- 0,

or
2

( C L e, 2 + j h b - ± )
Kh l ) I 'j (7)

where the physical solution has been retained. Consistent with large x, /bo it is re9uired
h/bo > 1 and by necessity 0 < Aij < 1, then

C IL ., 1 + A j(h/ b o (8 )

Since in the range 0 < Aj < 1 and for realistic h/bo there are no zeros of dL,/dAj, it
is clear that Le increases with both Aj and h/bo as expected. This simply states the
finite-depth induced momentum loss will stay within acceptable bounds for a greater
downstream distance if the channel is made deeper. Conversely, for a fixed channel
depth, the available distance for 'good' jet development decreases as the requirements
on the bottom effect are tightened. Since we have restricted attention to C, Le/bo > C2
the result does not depend on the initial momentum flux. For moderate Aj and very
large h/bo the result is independent of b0 . In this instance and assuming C, - 0.1 as
is typical of jets and accepting a momentum loss of 10% then L, ;, h.

Table 2 is a tabulation of the several jet configurations surveyed and Figs. 8a-b
show the development of the scales in the low to moderate x /bo range. The table
and figures also include data from other pertinent experiments. It is clear that jet 1 is
beginning to show deviations in the velocity scale before x1l/bo = 100 and likely that
is the case with jets 2 and 3 also. Each jet, however, is progressively becoming better
behaved. Jets 1 and 2 showed the same tendencies in their length scale variations
although the breakdown is not. so evident until xl/bo > 100. Detailed profiles were not
taken for jet 3 but only in the higher h/bo range were we able to achieve the expected
behaviors for substantially large values of xl /bo.

Table 2 also includes a tabulation of Eq. (8) under the constraint of 10% mo-
nientuni loss. Although there is some Reynolds number effect, the jets surveyed under
the present study have typically C, ; 0.05 so only jet 1 could be expected to show
obvious signs of breakdown within .l/bo < 100. The studies of Rajaratnam (1984)
and Vanvari and Chu (1974), however, both indicate values of C, - 0.1. In that case
we might expect only the third jet of Rajaratnam to survive to x, /bo - 100 without
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incipient breakdown. Indeed of the four studies, only Rajaratnam's #1,3 can be con-
sidered free of bottom influence until .r/bo - SO. Rajaratnam's #1.1 shows clear signs
of breakdown between 55 < x1/bo < 75 and his #1.2 survives only slightly longer. The
results of Vanvari and Chu appear to degrade beyond x1/be = 50. These numbers all
are closely correlated with the calculations in Table 2 for Le.

Table 2. Experimental Parameters

Reference/ bo C1 L/bo h/bo Uo Re Symbol
Exp. No (cm) (A = .1) (crn/sec) Uobo/v Fig. 8

present study 1 3.30 4.16 15.45 46 14990 1
2 1.78 5.99 28.65 43 7558 2
3 1.27 7.46 40.16 40 5017 3
4 0.66 11.81 77.27 34 2215 4
5 0.97 8.96 52.58 39 3735 5
6 1.42 9.57 .57.75 42 5890 6
7 1.42 9.57 57.75 42 5890
8 1.42 9.57 57.75 27 3786
9 0.79 14.73 103.80 31 2418 9
10 0.76 15.17 107.89 34 2552 0

Rajaratnam (1984) 1.1 1.31 7.30 38.85 11 1431 a
1.2 0.98 8.89 51.94 11.5 1119 0
1.3 0.64 12.06 79.53 10.8 686 A

Vanvari & Chu (1974) 0.81 6.17 30.00 28.3 2675 19
Patel (1961) 0.51 30000 " - - -

Tailland (1967) 1 0.60 11000 --- +- - -

2 0.60 18000 --

3 0.60 25000 -- x- -

Guitton (1970) 0.77 1 30800 1-o-

Ramaprian (1985) 0.25 1 30 1 741 -0-

Also shown in the Figs. Sa-b are mean lines through data typical of two-dimensional
free and wall jets. The surface jet development is expected to more closely follow
that of a wall jet than a free jet which is the trend of the present data. Recent flow
visualization of the entrainment patterns in an axisymmetric free jet by Shlien (1987)
exhibited full jet width intrusions of outer entrained fluid from one side of the jet. Like
a wall jet. these intrusions will be halved in a surface jet and on that basis these two
configurations would be similar and distinguished from a free plane jet.

As seen in the figures our lower Reynolds number jet, (4. 5. 9 and 10) exhibit
perceptably faster growth in length scale and faster decay in velocity scale than our
high Re jets (1. 2. 3 and 6). This is the same trend as shown in the wall jet data
of Tailland (1967). The velocity decay is generally slightly slower for our jets than
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the decay exhibited by the wall jets and the mean lines thrugh the wall jet data of
Guitton (1970) and Patel (1961) approximately interpolate the length scale growth
rate of the present low Re jets. All of the wall jet data shown as well as the surface
jet data of the present experiments lie significantly below the plane jet data which
is typified by that of Ramaprian (1985). It should be pointed out that these wall jet
studies are among those deemed acceptable for use in turbulence modelling by Launder
and Rodi (1981). In that study Launder and Rodi surveyed more than 70 wall jet
experiments and examined them for momentum conservation as well as other measures
of internal consistency. In most of the experiments there was found to be a marked
variation of momentum flux along the jet axis, usually a considerable momentum loss,
of which only a relatively small portion could be attributed to friction losses at the
wall. Those experiments showing substantially too great of a loss were excluded from
further study and the studies referenced in Table 2 were among those retained. With
the exception of the second experiment of Rajaratnam (1984) all of the velocity scale
data of the non-bouyant surface jet studies (exclvding the present data) are seen to
lie above the plane jet and all are showing jet breakdown at moderate x l/bo. While
it is less obvious in the length scale data, close scrutiny leads one to suspect those
data are showing symptoms of breakdown as well. The length scale variation of the
second experiment of Rajaratnam follows closely the plane jet behavior until suddenly
breaking off around x1 lbo = 50. As mentioned in an earlier section with reference
to Schneider's (1985) analysis, the effects of confinement should be manifest first in
the velocity scale (momentum loss) and only later in the length scale variation. From
this analysis and the results from our several experiments, we feel that it is likely
that all of the Rajaratnam non-bouyant jet studies as well as the single experiment
of Vanvari and Chu are contaminated by confinement effects. It is fair and proper to
point out, however, that the latter effort had as its primary focus the study of bouyancy
effects. The non-bouyant jets were limited observations to provide a basis to study the
bouyancy effects. It is clear that effects due to bouyancy differences rapidly outweigh
those due to confinement.

The final configuration chosen for the jet experiments, labeled as number 10 in
Table 2, yielded the variations of b(xl) and Uim(Xi ) shown in Figs. 9a-b. It should be
noted that for xl/bo > 160 the velocity scale has begun to fall below the expected value.
For x1l/bo > 200 the length scale variation also starts to become less than expected.
This is the seguence of scale variations exhibited in the preliminary arrangements dis-
cussed above where the "proper" jet behavior could not be achieved for smaller values
of x l/bo. The variation in the velocity scale is consistent with the analysis by Schneider
(1985) and the consequences of the above approximate analysis. Under severe confine-
ment, distortions in both characteristic jet scales have been reported for axisyrnmetric
jets by So, Ahmed & Yu (1987). Since the total momentum is approximately propor-
tional to b x (U1 )2, it is clear that the momentum is decreasing as well and this is
seen to be the case in Fig. 10a. The figure contains the streamwise momentum flux
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variation for jets 1 and 10 as well as that of Vanvari and Chu (1974). The momentum,
J, is calculated from

0

-00

except for that of Vanvari and Chu who neglect the turbulent normal stresses. We
also found that the additional flux due to turbulent fluctuations was a small portion
of the total (< 6%) because of their tendency to cancel except near the free surface
where u22 -- 0. All of the curves exhibit an initial development region followed by
varying rates of decline. Some of this behavior can be explained with reference to Fig.
5 and noting the apparently favorable hydrostatic pressure gradient in the near-jet
field followed by an adverse gradient further downstream. These gradients have not
been included in the jet momentum balance due to the belief that they are present to
drive the entrained return flow and therefore exist largely in the lower fluid. It is well
known, however, that the characteristics of the upstream boundary layer (xi < 0) exert
a profound influence on jet development. Hussain and Clark (1977) report increases
in total average streamwise momentum of between 20% and 56% within the first 40
slot widths for several sets of initial conditions. The larger increases occur for initially
low Re and laminar boundary layers and about 10% of each increase is due to the
developing turbulence field. The increases are found to be consistent with gradients in
static pressure, however, precise measurements of pressure do not lead to a balancing
of the corresponding increases in momentum. As noted by Hussain and Clark, this
appears to emphasize that pressure measurements in turbulent flows are subject to
yet undetermined influences. The conventionally defined shape factors (61/62) for jets
I and 10 are 1.19 and 3.41 respectively. The first of these is typical of a constant
pressure turbulent boundary layer while the second compares with that calculated for
a Falkner-Skan laminar flow boundary layer approaching separation (Reynolds (1974)).
Considering these characteristics along with the Reynolds numbers listed in Table 2,
jets 1 and 10 are found to behave very similar to those studied by Hussain and Clark
insofar as their early development is concerned. In any event, following the transition
region, jet 1 exhibits a decline in momentum which resembles the behavior calculated
from Eg. (1) if the result is normalized to conditions at x, lbo = 20. The relatively good
correlation breaks down in the range 80 < x, /bo < 120 and the momentum distribution
may be said to deviate in excess of 10% from that predicted by Eq. (1) by xlbo = 160.
The momentum decay for jet 1 on the other hand, decays logarithmically only in the
range 20 < xu/bo < 40 and this is followed by a rapid drop. The results of Vanvari
and Chu show also a short development region wherein the jet momentum increases
to approximately 1.05Jo and then rapidly decays. Figure 10b illustrates the mass flux
variation for each of the three experiments discussed above and it is apparent that jet
10 has stopped entraining in the vicinity of xi/bo = 160. The other experiments show
only a very small region in x lbo wherein the development is free of finite-depth effects.

Table 3 lists the values of the jet spreading constants defined in Evs. (4-5) together
with "consensus" values reported elsewhere for planar surface jets and other geome-
tries. Those listed for the present study are for jet 10 (Figs. 9a-b) only. If all of the
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experiments of the present study listed in Table 2 are taken into consideration, we found
0.042 < C1 < 0.063 and 0.048 < C3 < 0.065. As mentioned in the discussion of Figs.
8a-b, there are perceptible Reynolds number effects on the results, however this study
has made no effort to define them more clearly. The Reynolds number sensitivities
appear to follow those noted separately by Hussain and Clark (1977) and Kotsovinos
(1976).

Table 3. Jet Spreading Constants

Configuration/Ref. C, C2  C3  C4
surface jet

present study 0.047 0.04 0.05 0.9
Rajaratnam (1969) 0.082 - - -

Rajaratnam (1984) 0.104 - 0.07 -

Vanvari & Chu (1974) 0.090 - 0.045 -

wall iet
Rajaratnam (1976) 0.081 - 0.068 -

via Launder & Rodi (1981) 0.062 - 0.073 -

free jet
Rajaratnam (1976) 0.082 - 0.1 -

via Ramaprian (1985)t 0.093 - 0.095 -
10.27 - 0.115 -

t(upper and lower bounds of data surveyed)

In the following section, we discuss the evolution of the mean and turbulent velocity
fields of jet 10 with particular emphasis on the region near the free surface.

RESULTS AND DISCUSSION

The profiles of the mean longitudinal velocity U1 are shown in Fig. 11 for the
ten measurement stations when scaled by the local maximum, U1m, and jet half-width,
b(xi). This figure also contains the symbol table relevant to the next several figures to
be discussed. The characteristic half-width dimensions were determined as the locations
where the mean velocity dropped to one half of its maximum value. The maximum
velocity at any stations always occured at or very close to the free surface. The first two
measurement stations (xi /b 0 <4) were in the developing region of the jet and exhibit
a uniform potential flow above the spreading shear layer emanating from the solid
lip of the jet origin. For the remaining measurement stations in the fully developed
jet, traditional similarity in the mean velocity profiles is achieved based on these two
characteristic scales. Some scatter in the results is found near to the free surface and
in the lower portions of each profile particularly at the furthest stations downstream.

Some of the variance in the lower portions is attributable to the rectification of
velocity fluctuations which are larger than the local mean at the edge of the jet. The
hot-filn anemometers cannot differentiate flow direction under these conditions and
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therefore indicate a larger mean velocity in proportion to the root-rmean-square fluctu-
ations. This is clearest in the third and fourth stations where the profiles never attain
zero values deep into the entraining fluid.

The presence of turbulence in the entrained fluid is also further evidence of influ-
ence on the results by the finite channel depth. The distortions in the lower portions
of the later stations are in the region of the jet where the bottom return flow is ap-
proaching the magnitude of the jet flow itself and the expected jet behavior is breaking
down as we discussed in the previous section. The results from the preliminary jet
series showed similar distortions in the tails of the velocity profiles. However, overall
similarity in the mean velocity profiles based on the measured values of U1, and b(xl)
could always be achieved to the same degree as shown in Fig. 11. Thus, the occurence
of such similarity is not a sufficient condition for "proper" jet behavior as has often
been claimed in the literature. Apparently, confined jets will exhibit classical similar-
ity when based on the measured characteristic scales. Only momentum considerations
as described in the previous section can provide necessary conditions for 'proper' jet
behavior.

The scatter in mean velocities near to the surface is largely unexplained beyond
the difficulty in maintaining calibrations in that region and the influence of an intrusive
measurement near to the surface. For x, /b 0 < 20 some of the scatter can be attributed
to the steady, free surface wave pattern as indicated in Fig. 5. The mean velocity data
shown in Fig. 11 are the averages at each station for the "lower" series of measurements
which is to say the sequences that started at the jet lip elevation, moved up toward
(but short of) the surface and then stepped down through the jet. These measurements
rarely exhibited any trend toward a zero mean velocity gradient at the surface except
in the early jet. In contrast, the free surface measurement series which also began at
the lip elevation before stepping up in much smaller increments toward and through
the free surface did usually exhibit a very narrow zero gradient layer below the surface.
Due to the increased density of contaminants near the surface, however, the before-
and-after probe calibrations for these measurements often differed widely. As such the
velocity data are not as reliable in the lower series of measurements. As the probe began
to deform and to eventually break through the surface, the indicated velocity would
monotonically decrease to a value representing convective and evaporative heat losses in
air. There was no sharp delineation in the mean velocity measurement associated with
the interface. The results presented in the most of the following figures are based on the
averages of the lower measurement series. The upper series were used in estimations of
turbulent scales and spectra which are discussed in the later sections.

The vertical profiles of the three turbulent intensity distributions are shown in
Figs. 12a-c where the symbols follow the table given in Fig. 11. These distributions
serve to illustrate some of the principal structural characteristics that differentiate the
surface jet from either the free jet or the wall jet. In the fully developed free jet there
are clearly defined local minima in -u, and T3- in the symmetry plane since there is
negligible turbulence production in this region. The vertical fluctuation, on the other
hand, being closely correlated (negatively) with the static pressure distribution is found
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to be at a maximum in the symmetry plane. In the wall region of a wall jet, of course,
all velocities approach zero. Due to scatter, the current data are inconclusive as to the
precise structure of the horizontal components very near to the surface. At the down-
stream stations the distributions of these components appear to reach a local minimum
near the surface but in a small region very near the surface there is a tendency for the
horizontal components to increase in magnitude. These measurements, however, may
be influenced by surface blockage and sporadic encounters with contaminants. The ver-
tical component, however, shows a clear tendency toward vanishing near the surface.
Except for the developing region of the jet (xi/bo<4) the distributions shown in Figs.
12a-c also ought to exhibit similarity when non-dimensionalized with UI,, and b(xl)
according to classical notions of a free jet. Wall jets have an outer and an inner length
scale in order to account for the wall boundary layer. The one length scale similarity
of the surface jet profiles is inadequate near to the surface. In a relative sense there is
progressively more turbulent kinetic energy in the two horizontal components (T,-, -)
as xi/bo increases while the vertical component (T-) remains about the same. This
is the trend exhibited in the longitudinal traverses shown in Fig. 6. Also evident is
the growing anisotropy between the three turbulence components with distance down-
stream and proximity to the surface. These trends are examined in greater detail in
the following paragraphs.

Figure 13 illustrates these turbulence distributions using the local profile maximum
intensity to normalize the data. Better collapse of the overall profiles is obtained in
this way and it serves to reveal the scatter in the turbulent intensities near to the
surface for the two lateral components versus the better precision in the profiles for the
vertical fluctuation. This was a feature of all of the measurements for both the lower
and upper measurement series. We believe this is due to a lack of overall stationarity in
the data due to the large scale structures originating at the jet lip. Dye injection in this
region revealed the regular but low frequency production of laterally-oriented vortices.
Turbulent diffusion of the dye prevented the visual observation of these structures
further downstream. At the far downstream stations these structures must pass the
measuring point at a considerably lower frequency due to the decay in the convection
velocity and it is probable that the sampling frequencies and sampling times listed in
Table 1 were not fully adequate in this region. The data suggest that the structures
are contracting vertically, hence expanding longitudinally, near the free surface since
the vertical component is relatively free of the low frequency (large scale) fluctuation.

The measured turbulent shear stress distributions are plotted in Figs. 14a-b us-
ing both the traditional velocity scale and the local maximum, respectively, to assist
in identifying particular locations of large variances in the data. In this instance, the
conventional velocity scale is adequate within the experimental accuracy and no partic-
ular trends are evident. The fluctuating shear stress is rapidly nearing zero as the free
surface is approached but may have a non-zero value at the surface. This is consistent
with the presence of surface contamination which would support a fluctuating shear.
The correlation of these velocity components under linear capillary waves is zero and
not expected to contribute to the measurement. The longitudinal variations of the
three normal turbulent stresses, u,/U", are shown in Figs. 15a-c. These plots were
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obtained by taking the maximum value in the corresponding profile. For the vertical
fluctuations and the upstream profiles of the other two components the maximum al-
ways occurred well below the surface within the center of the jet. As the jet develops
downstream the vertical profiles of the longitudinal and lateral componenets become
more uniform in the region between the free surface and the central portion of the jet
so that the maximum in the profile eventually is found at or near to the surface. The
data in Figs. 15a-c represent the respective maximum values regardless of x2-location.
It is clear from Figs. 12 and 13, however, that the free surface magnitudes of TJ- and
T'- at the downstream stations are similar to the magnitudes lower in the jet where the
maximum values for a free plane jet would occur.

The longitudinal variations of u?/U?2 exhibit the classical rapid growth and per-
haps overshoot in the developing segment of the jet before settling into an asymptotic
far field behavior. Typical asymptotic behavior for plane free jets [c.f. Ramaprian &

Chandrasekhara (1985)] reveal constant values of uI/U2, and u2/U 2  in the farfield
on the order of 0.06 and 0.04, respectively. In the present case of the surface jet, the
longitudinal component maximum does not achieve a constant asymptote but contin-
ues to amplify downstream in reflection of a redistribution of turbulent kinetic energy.
The lateral component exhibits an apparent asymptote of approximately 0.017 before
beginning to increase for xi/bo > 160. The evolution shown for the u2/U2 component
is entirely within the body of the jet and compares very well with classical results for
other jet geometries. The total turbulent kinetic energy if represented by the sum of
these contributions also appears to grow with distance downstream but it must be re-
called that these maxima do not always occur at the same elevation within the jet. The
asymptotic behavior for the turbulent shear stress is shown in Fig. 16. An asymptote
on the order of 0.01is achieved as compared to values around 0.025 for free plane jets.

In order to gain insight into the structure of the turbulence near to the free sur-
face, estimates were obtained of the one-dimensional spectra along with the turbulent
macroscales, Li, and microscales, Ai. Turbulent frequency spectrum estimates were
computed from ensemble averages of FFT results for all blocks of time series data. The
first pass used all of the data in one block and the second pass took every other point
from two blocks in order to resolve a greater range of time scales. Using Taylor's frozen
turbulence hypothesis these spectral estimates were converted to wavenumber spectra
in the classical manner (k = 21rf/U) using the local value of U(x 2 ). The turbulent
microscale was estimated from the spectra using

)IA = (10)

where in this case the wavenumber function satisfies,

JF(kdk 2= ui. (11)
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These scale estimates are shown in Figs. 17a-c where the numbers used to plot the data
points represent the relative elevation in the surface measurement series. The numbers
increase with distance from the free surface in uniform increments of 0.18 cm with '0'
representing the nominal free surface and elevation '4' represening the elevation of the
jet lip. Elevation numbers greater than five correspond to locations in the body of the
jet taken in the "lower" measurement series. These are plotted only for the longitudinal
microscale for comparison. The local free surface elevation varied somewhat from the
nominal datum as indicated by Fig. 5. The local uncertainty in the mean water level
datum is typically 0.05 cm which was a result of the surface wave fluctuations in general
and the interactions of the upper probe support with the unsteady free surface as it
broached above the sensing elements. The variances in the data are too large with
respect to apparent trends in the results to extract the influence, if any, of the free
surface upon the microscale estimates. This is consistent with the spectral behavior
over a range of wavenumbers to be discussed later in this section.

The macroscale estimates were obtained via the autocorrelation function.

Ri - Ui(t)u2 (t + T)/U1,

and

Li = U1  Rii(r)d, (12)
J

0

where Taylor's hypothesis is again assumned. The results are plotted in Figs. 1Sa-c
where the numbering of data points is as described in the discussion of Figs. 17a-c
above. The dimensional variation of the jet half-width scale, b(.1. ). is included in the
figure and a straight line has been drawn through that data for comparison to the
macroscale estimates. In the longitudinal direction, the macroscale is of about the
same magnitude as b(xl ) and varies in like manner as one might expect. Also typical
for shear flows the lateral scale L 3 in Fig. 18c grows with distance downstream but
is some fraction of order 1/2 of the longitudinal scale. There is a suggestion that
proximity to the surface (smaller elevation numbers) reduces this scale as well but the
data is ambiguous. The vertical turbulent macroscale. L., is clearly influenced by the
free surface to the extent that mch of the downstream development is suptressed and
nearly uniform scale estimates are obtained in the u)per half centimeter or so (points
0-3). The apparent onset of longitudinal develomlnents in this scale between elevation
mnbers 3 and 4 (0.5S cP < zX < 0.76 cm) is notewortliv. At this elevatioii and in this
probe orientation the tipper probe support is approximately 0.13 cio above the sensing
elements and therefore at least 0.45 cm from the nominal mean free surface elevation.
It. is too dee) to envisioii a Irobe intrusion effect that would not also contaminate
aly conventional uses of the pr'be. Thus the observed trend is a surface effect upon
the tmlbiilent structure whereby the vertical scale of the fluctuations is suppressed
very ral)idlv in a narrow layer close to the surface. Variations in the affected vertical
milaCrOsc(ale withiln the surface layer are not resolved ),- these estilnates.
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Vertically spaced sequences of typical turbulence spectra are plotted in Figs. 19

through 26 representing each of the measuring stations along the fully developed jet.
The top four spectra in each stack were obtained from the upper measurement series
and correspond to the data symbols 1 through 4 in the previous few figures. The
bottom spectrum in each stack is obtained at mid-depth location (X2 = b(xi)) for
comparison to the surface influenced layer. Within each plot the symbols '1', '2' and
'3' denote the three component directions. The large- uncertainties at the smallest
wavenumbers stem from the inability to maintain stable calibrations of the probes over
sufficiently long measurement durations. Hence the scatter at these wavenumbers is the
result of very low frequency fluctuations in the jet combined with drifts in the sensor
calibrations. The two processes are indistinguishable in the data and it is not possible
to draw conclusions on the exact shape of the spectra in the lowest wavenumber range.
All of the spectra were integrated to insure that the total turbulent energy matched
the earlier computations of V-/U 1 ,,. The axes scales for all of the spectra are identical
to facilitate comparisons.

The downstream development of the jet away from the surface is best illustrated by
comparing the sequence beginning at the bottom spectra of each stack (x2 = b(xi )). For
most of the wavenumber range (k > 5) the three components of turbulent fluctuations
are about the same in consequence of isotropy. As the jet develops downstream the
spectra at depth evolve into the classical shape containing isotropic equilibrium and
dissipation ranges with distinguishable and appropriate slopes in each range on the
log-log plots. At the lowest wavenumbers the spectra exhibit anisotropy with greater
energy in the longitudinal components as would be expected for this type of shear
flow. The energy content of vertical and lateral components are approximately equal
throughout this development.

Within the upper layer of the fluid the following trends become apparent. As

the jet develops downstream a separation between the lateral and vertical spectra
grows. More energy is found in the low wavenumbers of the lateral components, 3,
at the expense of the vertical components, 2, as compared to the spectra below (x2 =
b(xI )). Eventually the lateral components approach the distribution of the longitudinal
components. This behavior is comparable to the theoretical results of Hunt & Graham
(1978) for the moving wall problem. However, that theory predicts a flat cut-off in the
low wavenumber region of (i72/U 1,)2 beginning at a wavenumber corresponding to 1/4
of the distance from the wall (interface). The spectra measured here for the free surface
jet contain significantly increasing energy in the vertical direction as the wavenumber
is reduced and any variation in the cut-off wavenumber with distance from the surface
does not match either the linear form or the magnitudes predicted by the theory. The
cut-off wavenumber does appear to increase as the surface is approached in most of
the vertical stacks, however, the most appropriate variation seems to be linear on these
plots as shown for example in Figs. 25 and 26. Given that the wavenumber axis is
logarithmic, the variation of cut-off wavenumber with distance from the surface cannot
be linear.

The additional energy in the vertical component above a flat spectral level cut-
off for waveomubers less than the cut-off could 1e attributalble to the surface wave
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fluctuations. Very small wave amplitudes on the order of those in the later stages of
the jet (- 0.05 cm) could give rise to apparent turbulent fluctuations of the magnitudes
observed here. However, these ought to be greatly attenuated with depth in this range
and egually evident in each of the two lateral components assuming omnidirectional
propagation of the waves. The proper depth attenuation is not evident in the data and
the magnitudes of the two lateral components do not appear sufficiently larger than
the X2 = b(xl) distributions to contain an equal amount of wave fluctuation energy
implied by the increase in the vertical component over a flat distribution. One must
be careful to note the nearly order of magnitude difference between energy levels of
the vertical fluctuations and the levels of the two horizontal components. It appears
that the increase in (V2-/Ulm )2 with decreasing wavenumber is a feature of the surface-
influenced turbulent layer which is not captured by the moving wall theory. This may
be a consequence of interactions between the intermediate turbulent scales near to the
surface which are not contained in the theory as noted by Hunt & Graham (1978).

The overall balance of turbulent kinetic energy is difficult to deduce with accuracy
from the data. At first glance the two horizontal components of turbulence appear
unaffected by the presence of the surface while the vertical component is significantly
attenuated below the cut-off wavenumber which produces the anisotropy. This suggests
a decrease in total turbulent kinetic energy approaching the surface which is consistent
with the moving wall theory of Hunt and limited experiments. The theory and moving
wall measurements indicate a recovery toward the farfield value of total turbulent ki-
netic as the wall is reached but the present measurements do not display this recovery.
All or most of the lost turbulent energy may have been expended in the generation
of vertical surface motions which are then radiated away as waves. Coupled velocity,
pressure and surface motion measurements are needed to resolve this energy balance
fully. An more complex balance is suggested by a comparison of affected turbulent
scales in the following paragraph.

The various scales at which anisotropy between components are observed from the
spectra are plotted in Fig. 27. For reference, the scale corresponding to anisotropy at
X2 = b(xl) in the body of the jet is plotted as the crosses in the figure. Typically, this
scale corresponds to the wavenumber where both the vertical and lateral components
begin to diverge from the longitudinal component. This scale grows approximately
linearly along the jet as one might expect for a shear flow of this nature and is not
influenced by the presence of the surface. The solid circles represent the average scale
at which the longitudinal and lateral components begin to diverge under the influence
of the free surface. Clearly, the free surface has caused these two components to become
comparable at much larger scales (smaller wavenumbers) than in the body of the jet
by an amount that grows with distance downstream. In other words the free surface
has rendered the lateral turbulent motions nearly indistinguishable for all but perhaps
the largest scales. The bars on each data point cover the range of values found in the
surface-influenced layer.

The average scale corresponding to the cut-off wavenumber for the vertical fluc-
tuations is plotted as the open circles in the figure and the range of values is again
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indicated by the bars on each point. In this case the influence of the surface layer
is to decrease the scale at which the vertical component remains comparable to the
other two. In other words the free surface acts to suppress these fluctuations and
therefore increases the difference. This is the trend indicated by the spectra. This
scale approaches the microscale by eliminating the equilibrium range for the vertical
fluctuations but does not 9uite reach that value which is consistent with the microscale
estimates obtained earlier from these spectra. These cut-off scales are approximately
the distance of the measurement point from the surface on average. Taken together
the scales suggest that the energy balance includes a redistribution of the vertical tur-
bulent energy into at least the lateral fluctuations as well as the generation of surface
waves. This is consistent with all of the data presented here but the exact nature of
the energy redistribution must await further analysis and concommittant measurement
of the radiated wave field.

SUMMARY AND CONCLUSIONS

The results of the this investigation into the behavior of free surface jets are appli-
cable to the synoptic characteristics of this and similar jet configurations as well as the
influence of a free surface on the nearby turbulent flow. The synoptic or global surface
jet behavior is similar to that of a wall jet at comparable Reynolds numbers and inlet
conditions. The effects of jet confinement are pervasive arid subtle to the point where
considerable doubt exists about many results reported in the literature. The results of
an approximate analysis to account for facility constraints is shown to correlate well
with departures from anticipitated scale behaviors for the current experiments as well
as others. Mean velocity profile similarity is observed at the furthest downstream sta-
tions investigated and after the jet development is significantly influenced by the limited
depth. The jet momentum variation, however, remains as a primary indicator of the
breakdown in jet development. Similar to prior studies of free and wall jets the re-
sults of these experiments indicate that inlet conditions will have significant impact on
growth rates and momentum variation in the near-origin developmental region. Some
Reynolds number trends were noted but more definitive experiments are necessary to
further quantify these effects.

At various depths below the free surface, estimates were obtained of the turbu-
lent length scales through the use of one-dimensional freguency spectra and Taylor's
hypothesis. The vertical turbulent macroscale is clearly influenced by the free surface
to the extent that much of the downstream development is suppressed and nearly uni-
form scale estimates are obtained in the surface layer. Beginning at moderate values
of x,/bo and in the surface layer more energy is found at low wavenumbers in the V3-

component relative to that in the -2 component at these wavenumbers when compared
to the relative energy distribution deeper in the fluid. This is consistent with the the-
oretical results of Hunt & Graham (1978) for the moving wall problem, however, the
current data do not exhibit the theoretical prediction of a flat cut-off near the surface
in the low wavenumber regime of the U-2 spectrum. Near the surface the scale at which
anisotropy is first observed in the two horizontal components becomes larger with dis-
tance downstream and the scale at which the vertical component becomes comparable
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to the other two decreases. The data suggest that the energy balance includes at least
a redistribution of the vertical turbulent energy into the lateral component.

Additional experiments with a non-intrusive measurement technique and simul-
taneous measurment of the radiated wave field must be undertaken to permit a more
detailed analysis of the energy balance in the near surface region.
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